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The cystic fibrosis transmembrane conductance regulator (CFTR) architecture consists of two membrane spanning
domains (MSD1 and -2), two nucleotide binding domains (NBD1 and -2), and a regulatory (R) domain. Several point
mutations lead to the channel misprocessing, with limited structural perturbation of the mutant domain. To gain more
insight into the basis of CFTR folding defect, the contribution of domain-wise and cooperative domain folding was
assessed by determining 1) the minimal domain combination that is recognized as native and can efficiently escape the
endoplasmic reticulum (ER) retention and 2) the impact of mutation on the conformational coupling among domains.
One-, two-, three-, and most of the four-domain assemblies were retained at the ER. Solubilization mutations, however,
rescued the NBD1 processing defect conceivably by thermodynamic stabilization. The smallest folding unit that traversed
the secretory pathway was composed of MSD1-NBD1-R-MSD2 as a linear or split polypeptide. Cystic fibrosis-causing
missense mutations in the MSD1, NBD1, MSD2, and NBD2 caused conformational defect in multiple domains. We
propose that cooperative posttranslational folding is required for domain stabilization and provides a plausible expla-

nation for the global misfolding caused by point mutations dispersed along the full-length CFTR.

INTRODUCTION

Cystic fibrosis (CF), the most common genetic disease in the
Caucasian population, is caused by the impaired functional
expression of cystic fibrosis transmembrane conductance
regulator (CFTR), a cAMP-regulated chloride channel that
belongs to the ATP-binding cassette (ABC) transporter su-
perfamily (Riordan et al., 1989). The distinct domain organi-
zation of CFTR is hallmarked by the acquisition of a regu-
latory (R) domain, connecting the two halves of the channel,
each containing a membrane spanning domain (MSD) and a
nucleotide binding domain (NBD) (MSD1-NBD1 and MSD2-
NBD2) (Riordan et al., 1989; Sheppard and Welsh, 1999). The
regulatory (R) domain is largely unstructured (Ostedgaard
et al., 2000a), and, in coordination with the NBDs, regulates
the gating of CFTR (Riordan, 2005). After cotranslational
insertion into the ER, the nascent CFTR chain undergoes
inefficient conformational maturation, mediated by molecu-
lar chaperones that require cytoplasmic ATP (Lukacs et al.,
1994; Meacham et al., 1999; Oberdorf et al., 2005). Multiple
quality control checkpoints ensure that native channels enter
the secretory pathway via COPII transport vesicles (Wang et al.,
2004; Wang et al., 2006; Younger et al., 2006), whereas partially
folded molecules are eliminated by the endoplasmic reticulum
(ER)-associated degradation (ERAD), using the ubiquitin-pro-
teasome system (Kopito, 1999; Nakatsukasa and Brodsky,
2008).

CFIR folding intermediates and off-pathway conformers
are recognized by molecular chaperones, presumably by
their association with exposed hydrophobic segments in the
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cytosol or the ER lumen (Laney and Hochstrasser, 1999;
Meacham et al., 1999, 2001; Youker et al., 2004; Young et al.,
2004; Nakatsukasa and Brodsky, 2008). CFTR domain as-
sembly may also confer quality control checkpoints by reg-
ulating the accessibility of linear ER export and retention
signals in analogy with oligomerization of multisubunit
channels (Ellgaard and Helenius, 2003). The arginine-based
ER sorting signal was first described as a quality control
check point for the K, channel assembly (Zerangue et al.,
1999). Two Arg-X-Arg (RXR) motifs in the MSD1 and NBD1
seem to play a role in the ER retention of misfolded CFTR as
well (Chang et al., 1999). Masking of the diacidic ER export
motif was also proposed as a complementary mechanism for
the ER retention of the nonnative CFTR (Wang et al., 2004).

Deletion of phenylalanine 508 (AF508 CFTR) in the NBD1,
manifests in virtually complete ER retention and degrada-
tion of the channel by the ubiquitin proteasome system
(Kopito, 1999; Riordan, 2005). The structural consequence of
the AF508 mutation as a recognition signal for the cellular
quality control mechanisms has received much attention
(Riordan, 2005). At the domain level, the x-ray crystal struc-
ture revealed marginal differences between the wild-type
(wt) and AF508 NBD1 overall fold (Lewis et al., 2005; Thi-
bodeau et al., 2005). Amino acid substitutions at the 508
position were permissive for the NBD1 folding, whereas
deletion of F508 decreased the domain folding yield without
influencing its stability (Lewis et al., 2005; Thibodeau et al.,
2005). In contrast, most amino acid substitutions were non-
permissive for the in vivo biogenesis of CFTR (Du et al.,
2005; Thibodeau et al., 2005). AF508 also increased the MSD1
and NBD2 protease susceptibility with modest, but detect-
able effect on the NBD1 (Du et al., 2005; Cui et al., 2007).
These observations, together with the destabilization of the
MSD1-NBD1-R by the AF508, have led to the hypothesis that
the F508 residue is indispensable for the MSD1-NBD1-R
(Rosser et al., 2008) and MSD1/NBD2 conformational mat-
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uration, although the precise mechanism of misfolding re-
mained incompletely understood (Riordan, 2008).

Although individual CFTR domains are likely to attain
loosely folded, near-native conformation cotranslationally to
minimize intra- and intermolecular aggregation (Sadlish
and Skach, 2004; Kleizen et al., 2005), the compactly folded
channel seems to assemble posttranslationally (Du et al.,
2005). This conclusion is consistent with the prolonged as-
sociation of chaperones with the nascent CFTR chain
(Meacham et al., 1999, 2001) and the delayed, posttransla-
tional appearance of protease resistant, mature CFTR and
NBD2 (Du et al., 2005). Numerous interactions among the
major domains (e.g.,, NBD1-NBD2, MSD1-MSD2, NBDs-
MSDs, and R-NBD1), as well as the N- and C-terminal tails
have been identified in the native CFTR, by using recombi-
nant domains (Riordan, 2005). These interactions may be
involved in domain folding, assembly and stability, or in a
combination of these factors.

To better understand the molecular basis of CFTR domain
assembly and misfolding, we determined the in vivo folding
capacity of wild type and mutant domains individually and
in combinations. We report that single domains and most of
the domain combinations are largely recognized as nonna-
tive conformers by the ER quality control in vivo, with the
caveat that the NBD1 processing defect was rescued by
mutations that stabilized the domain in vitro. Point muta-
tions in the MSD1, NBD1, MSD2 or NBD2 led to the coop-
erative, global misfolding of multiple domains. Collectively,
these and other results suggest that interdependent domain
assembly represents a critical step for the channel biogenesis
and offers a plausible explanation for the cooperative mis-
folding and ER retention, caused by numerous CF-associ-
ated mutations dispersed along the full-length CFTR. A
preliminary account of this study has been published as an
abstract (Du and Lukacs, 2007).

MATERIALS AND METHODS

Cell Lines

Baby hamster kidney (BHK) cells, stably expressing the wt and mutant (G91R,
L346P, L1093P, N1303K, AF508, 4D, 1218X, 1158X, and 823X) CFTR with three
tandem hemagglutinin (HA)-epitope (3HA) inserted into the fourth extracel-
lular loop, were isolated and maintained as described previously (Sharma et
al., 2004; Du et al., 2005). At least 50 individual clones were combined after
antibiotic selection and expanded for subsequent experiments. CFIR frag-
ments were transiently expressed in BHK and COS? cells using the FuGENE
6 (Roche Applied Science, Indianapolis, IN). BHK and COS7 cells were grown
in DMEM/F-12 (5% fetal bovine serum [FBS]) and in DMEM (10% of FBS),
respectively, at 37°C under 5% CO,.

Antibodies and Reagents

Antibodies (Abs) were obtained from the following sources. Monoclonal
anti-CFTR Ab L12B4 (recognizing 386-412 residues of the NBD1) and M3A7
(recognizing 1365-1395 residues at the C terminus of the NBD2) (Millipore
Bioscience Research Reagents, Temecula, CA); and MM13-4 mouse monoclo-
nal anti-CFTR Ab (specific to the N-terminal 25-36 residues) (Millipore, Bil-
lerica, MA). Rabbit anti-NBD1-R (#4562) serum was kindly provided by Dr. D.
Badwell (University of Birmingham, Burmingham, AL). A rabbit serum was
raised against a glutathione transferase (GST) fusion protein of the C-terminal
80 residues of CFTR. The 660 anti-CFTR Ab recognizes the NBD1 (Cui et al.,
2007) and was kindly provided by Dr. J. Riordan (University of North Caro-
lina, Chapel Hill, NC). Mouse monoclonal anti-HA Ab was from Covance
Innovative Antibodies, (Berkeley, CA) anti-CD4 Ab (OKT4) was from Amer-
ican Type Culture Collection (Manassas, VA), rabbit anti-CD4 Ab was from
Santa Cruz Biotechnology (Santa Cruz, CA), and anti-CD74 (invariant chain)
Ab was from BD Biosciences (San Jose, CA). Endoglycosidase H (Endo H) and
peptide-N~-(N-acetyl-B-glucosaminyl)asparagine amidase (PNGase F) were
purchased from New England Biolabs (Ispwich, MA). N-Tosyl-L-phenylala-
nine chloromethyl ketone-treated trypsin was purchased from Worthington
Biochemicals (Freehold, NJ), and other chemicals were obtained from Sigma-
Aldrich (St. Louis, MO) at highest grade available.
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CFTR Expression Constructs

N- and C-Terminal domain deletions of CFTR were accomplished by intro-
ducing a Kozak consensus initiation site and a stop codon, respectively, into
the desired construct by polymerase chain reaction (PCR) mutagenesis by
using the CFTR-3HA ¢DNA as template. CFTR cDNA fragments were sub-
cloned into the pNut expression vector. The enhanced green fluorescent
protein (EGFP)-CFIR fusions were obtained from the pcDNA3-EGFP-CFTR
plasmid, incorporating a 16-residue linker between C terminus of the EGFP
and CFTR (Benharouga ef al., 2003). To disrupt the NBD1 hydrophobic core,
4D mutations were engineered in two steps. After the insertion of the 2D
(I601D/L602D) mutations, the L570D/L571D mutations were introduced into
the 2D CFTR-3HA by PCR mutagenesis. The cytosolic domains (NBDI1,
NBD1-R, and NBD2) and their mutant counterparts (AF508, 4D, and N1303K)
were PCR amplified with specified amino acid boundaries (Supplemental
Table S1) flanked with the Xmal/Xbal sites and fused in frame to the C
terminus of the transmembrane segment of the CD4T (CD4T-N1, CD4T-NI1R,
CDA4T-N2, etc.; Supplemental Table S1). The R domain was fused to the
truncated Ii chain (IiT), lacking the N-terminal 33 amino acid residues, as well
as its trimerization motif. Trimerization of the IiT was disrupted by the
Q63A/T65A/T66A mutations (Ashman and Miller, 1999). The domain
boundaries of the constructs are summarized in Supplemental Table S1. All
constructs were sequence verified.

Microsome Preparation, Limited Proteolysis, and
Immunoblotting

Microsomes were prepared by nitrogen cavitation and differential centrifu-
gation and subjected to limited proteolysis as described previously (Zhang et
al., 1998; Du et al., 2005). Immunoblots, with multiple exposures, were quan-
tified using DuoScan transparency scanner and NIH Image 6.1 software
(http://rsb.info.nih.gov/nih-image/). To accumulate the folded, core-glyco-
sylated wt CFTR, BHK cells were treated with 10 ug/ml brefeldin A (BFA) for
24 h before the isolation of microsomes.

Endoglycosidase Treatment

To discriminate between core-glycosylated and complex-glycosylated forms
of CFTR fragments, detergent solubilized proteins (100 ug of protein) were
denatured in 0.5% SDS and 1% B-mercaptoethanal at 30°C for 10 min. Then,
polypeptides were incubated with 500 U of Endo H (in 50 mM sodium citrate,
pH 5.5) or with 500 U of PNGase F (in 50 mM sodium phosphate, pH 7.5, 1%
of NP-40) at 30°C for 3 h.

Immunoprecipitation, Metabolic Pulse-Chase Labeling,
and Folding Kinetics of CFTR

Metabolic labeling and immunoprecipitation were performed essentially as
described previously (Du et al., 2005). Monolayer cells were pulse-labeled for
8-15 min and chased at the indicated temperature. Membrane proteins were
solubilized in 1 ml of radioimmunoprecipitation assay buffer (150 mM NaCl,
20 mM Tris-HCI, 1% Triton X-100, 0.1% SDS, and 0.5% sodium deoxycholate,
pH 8.0) supplemented with protease inhibitors (10 wg/ml leupeptin and
pepstatin, 0.5 mM phenylmethylsulfonyl fluoride, and 10 mM iodoacet-
amide). Immunoprecipitates, obtained with anti-HA, or M3A7 and L12B4
anti-CFTR monoclonal Ab, were analyzed by SDS-polyacrylamide gel elec-
trophoresis and fluorography. The radioactivity was quantified using a Phos-
phorlmager (Molecular Dynamics, Sunnyvale CA) with the ImageQuant soft-
ware (Molecular Dynamics) (Lukacs et al., 1994). CFTR fragments were
coprecipitated from transiently transfected COS7 or BHK cells after solubili-
zation in phosphate-buffered saline (PBS) containing 0.2% NP-40 and protease
inhibitors.

To monitor the wt and 1218X CFTR folding in the ER, newly synthesized
channels were radioactively labeled for 8 min in the presence of BFA essen-
tially as described previously (Du et al., 2005). After 0- to 60-min chase in BFA,
folding was terminated by ATP-depletion and cells were kept in the same
medium for 2-3 h to ensure the core-glycosylated, nonnative conformer
complete elimination. This allowed the quantification of folded CFTR.

Determination of the cAMP-stimulated Iodide
Conductance of the Plasma Membrane

The plasma membrane cAMP-dependent halide conductance of transfected
BHK cells was determined with the iodide efflux assay as described previ-
ously (Du et al., 2005).

Immunofluorescence Microscopy

Colocalization of full-length or truncated CFTR with the ER or cell surface
markers was analyzed in COS7 and BHK cells by laser confocal fluorescence
microscopy essentially as described previously (Barriere et al., 2007). Plasma
membrane accumulation was documented by coimmunostaining of the 3HA-
CFTR fragment with Alexa594-conjugated wheat germ agglutinin (WGA) in
4% paraformaldehyde-fixed, nonpermealized cells. Control experiments ver-
ified that fixation preserved the integrity of the plasma membrane. Single
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Figure 1. Biosynthetic processing of split CFTR in mammalian cells. (a) The indicated C-terminal CFTR domains (M2N2, RM2N2,
NIRM2N2, *RM2N2, and *N1RM2N2) in the absence or presence of complementing N-terminal fragments (MIN1R, M1N1, M1, MIN1*, and
M1, respectively) were transiently expressed in COS7 cells and analyzed by immunoblotting using anti-HA and MM13-4 Abs, recognizing
the 3HA epitope in the MSD2 (M2) and the N-terminal tail of the MSD1, respectively. Dotted lines indicate the complex-glycosylated bands,
based on endoglycosidase analysis shown in b. (b) Endoglycosidase sensitivity of M2-containing CFTR fragments. Cell lysates, obtained from
COS7 cells expressing the indicated CFTR fragments were incubated with endoglycosidase-H (H) or PNGase F (F) and analyzed by
immunoblotting with anti-HA antibody. (c) Cell surface density of the CFTR-3HA C-terminal fragments was measured by the immunoper-
oxidase assay using anti-HA Ab as described in c. Ab binding was normalized for cellular protein (means = SEM, n = 2-4). (d) Processing
of the C-terminal CFTR fragments was monitored by immunostaining in nonpermeabilized (left) and permeabilized (right) cells in the
absence or presence of the complementing N-terminal half. The plasma membrane and the ER were visualized by Alexa594-conjugated WGA

and CNX staining, respectively. Bar, 10 um.

optical sections were obtained on an LSM 510 fluorescence laser confocal
microscope (Carl Zeiss, Jena, Germany) (Barriere et al., 2007).

Cell Surface Density Measurements of CFITR Variants and
Domain Chimeras

The cell surface density of CD4 and Ii chimeras as well as CFTR variants was
determined after the binding of mouse monoclonal anti-CD4 (OKT4), anti-Ii
or anti-HA primary Ab (0°C for 1 h), and horseradish-peroxidase (HRP)-
conjugated goat anti-mouse secondary Ab (0°C for 1 h; GE Healthcare,
Chalfont St. Giles, Buckinghamshire, United Kingdom) in PBS supplemented
with 1 mM MgCl,, 0.1 mM CaCl,, and 0.5% bovine serum albumin as
described previously (Sharma et al., 2004; Barriere et al., 2007). The HRP
activity was measured with Amplex Red (Invitrogen, Carlsbad, CA) at 4°C,
and the fluorescence intensity was determined by a POLARstar (BMG
Labtech, Durham, NC) plate-reader. Nonspecific binding of the Abs was
measured in mock-transfected cells. Each experiment was repeated at least
two to three times and performed in triplicate.

RESULTS

Domain Boundaries of CFTR

The ambiguity of domain definition according to functional,
structural, and homology-based criteria prompted us to use
both functional and structural boundaries that have been
optimized to reconstitute the ion channel activity of split
CFTR in Xenopus oocyte (Chan et al., 2000) and to crystallize
the NBD1 (Lewis et al., 2005), respectively. The domain
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abbreviations (MSD1, M1; NBD1, N1, MSD2, M2; and
NBD2, N2) and boundaries with predicted molecular
masses are summarized in Supplemental Table S1. Domain
boundaries corresponding to the NBD1 crystal structure are
indicated by an asterisk (*).

The biosynthetic processing of CFIR severed at the
MSD1/NBD1, NBD1/R, or R/MSD2 domain interface (Sup-
plemental Figure Sla) was determined by biochemical, mor-
phological, and cell surface antibody binding assays in tran-
siently transfected COS7 and BHK cells. Processing of the
C-terminal domain combinations (M2-N2, R-M2-N2, N1-R-
M2-N2, *R-M2-N2, and *N1-R-M2-N2), containing the
MSD2 was indicated by decreased electrophoretic mobility
and resistance to Endo H upon conversion of the high-
mannose to complex-type N-glycans in the Golgi complex
(Figure 1, a and b). Biosynthetic processing occurred exclu-
sively in the presence of the complementary NH,-terminal
segment (M1-N1-R, M1-N1, M1-N1* and M1, respectively)
(Figure 1, a and b). The lack of complementation with M1*
and *N1-R-M2-N2 fragments is not fully understood but is
conceivably due to the destabilization of the MSD1.

Plasma membrane accumulation of the C-terminal frag-
ments, harboring the extracellular 3HA-tag, was verified by
the anti-HA Ab binding assay (Figure 1c). Remarkably, the
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cell surface density of complemented R-M2-N2 and R*-
M2-N2 fragments with M1-N1 and M1-N1*, respectively,
reached 40-60% of the wt CFTR (Figure 1c). The cell surface
density of CFTR severed at residue 388 was negligible in line
with the immunoblotting data. All of the individually ex-
pressed C-terminal domain combinations failed to accumu-
late at the cell surface and were confined to the ER by
calnexin (CNX) colocalization, suggesting that all these
CFTR fragments are recognized as nonnative conformers by
the ERAD (Figure 1, c and d).

Coexpression of M1-N1 + R-M2-N2 or M1 + NI-R-
M2-N2 fragments conferred cAMP-stimulated plasma mem-
brane halide conductance, a hallmark of CFTR channel ac-
tivity, determined by the iodide efflux assay (Supplemental
Figure S1b; data not shown). The N- and C-terminal frag-
ments of CFTR were associated both at the early stage of
their biosynthetic processing and in post-Golgi compart-
ments (Supplemental Figure Slc; data not shown). Jointly,
these observations indicate that severing CFTR at selected
boundaries permits the channel assembly in mammalian
cells and could be used to unravel the folding propensity of
individual domains.

Cell-based Assay to Monitor the Conformation of CFTR
Cytosolic Domains

We implemented an in vivo approach to assess the confor-
mational maturation of CFTR cytosolic domains. The assay
relies on the ability of the ER to recognize and degrade
misfolded membrane proteins regardless whether the con-
formational defect is localized to the luminal, transmem-
brane or cytoplasmic domain and to target folded molecules
to the cell surface (Vashist and Ng, 2004). The cytosolic
domains of CFTR were tethered to transmembrane reporter
molecules to ensure their surveillance by the ER quality
control. We selected the truncated monomeric CD4 (CD4T)
and invariant chain (IiT) as extensively used type I and type
IT model transmembrane proteins that lack specific sorting
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permeabilized

noperoxidase assay, using primary anti-CD4 Ab and HRP-
conjugated secondary Ab in live cells (see Materials and Meth-
ods). Amplex-Red fluorescence was normalized for cellular
protein and expressed in arbitrary unit (a.u.). Means + SEM,
n = 8. (d) Steady-state expression level of the CD4T chimeras
was monitored by immunoblotting following proteasomes
inhibition by MG132 (20 uM for 3 h) as indicated. (e) Cell
surface expression of CD4T-Aand CD4T-A,,, was measured
by the immunoperoxidase assay (means *+ SEM, n = 6). (f)
Subcellular localization of CD4 chimera was detected by
immunostaining with anti-CD4 Ab and Cy2-conjugated sec-
ondary Ab in transiently transfected COS7 cells. CD4-GFP
was visualized by the EGFP fluorescence. The ER was visu-
alized by anti-calnexin Ab (CNX) and rhodamine-conju-
gated secondary Ab in permeabilized cells (right). Plasma
membrane was stained with WGA in nonpermeabilized
cells. Single optical sections, obtained by fluorescence laser
confocal microscopy are shown. Bar, 10 um.

0va|1a|

signals and are constitutively targeted to the plasma mem-
brane (Piguet et al., 1999; Barriere et al., 2006).

The cell-based folding assay was validated by fusing
the compactly folded enhanced green fluorescent protein
(CD4T-GFP) and the intrinsically unstructured R domain
(CD4T-R) to the CDAT cytoplasmic tail (Figure 2a). Immu-
noblotting analysis and cell surface anti-CD4 Ab binding
with the immunoperoxidase fluorescence assay showed that
the CD4T-GFP and CDA4T have comparable cellular and
plasma membrane expression levels (Figure 2, b and c),
implying that EGFP attachment did not interfere with the
biosynthetic processing efficiency of the reporter. In sharp
contrast, the unstructured R domain chimera (CD4T-R) had
negligible cell surface expression and was retained in the ER
according to immunolocalization studies (Figure 2, b, ¢, and
f). The conformational sensitivity of the cell-based trafficking
assay was further verified by using chimeras containing the
wild-type (wt) bacteriophage A repressor N-terminal do-
main (CD4T-A) and its temperature-sensitive mutant variant
(CDAT-A,,,) (Pakula ef al., 1986). The L57G/L69G mutations
decreased the melting temperature of the recombinant A
(molecular mass ~12 kDa) from 52 to 28°C (Pakula et al.,
1986). Unfolding of the A,, domain at 37°C was sufficient
to cause ER retention and the dramatic reduction in the
cell surface expression of the CD4T-A,, chimera (Figure 2,
d and e).

The CDAT-R similar to the CD4T-A,,, was colocalized with
CNX and calreticulin, ER-resident chaperones (Figure 2f;
data not shown). In contrast, folded CD4T-A and CD4T-GFP,
similar to CD4T, were confined to the plasma membrane,
indicated by colocalization with Alexa 594-conjugated WGA
in nonpermeabilized cells (Figure 2f). Blocking the ERAD by
the proteasome inhibitor MG132 augmented the cellular
expression of the CD4T-A,,, but not the CD4T-A, and in-
duced the accumulation of ubiquitinated adducts (Figure 2d;
data not shown). Thus, the in vitro folding propensity of the
domains correlates with the processing and cell surface ex-
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Figure 3. Biosynthetic processing of the chimeric CFTR cytosolic domains. (a) Immunoblot and cell surface detection of CD4 and Ii chimeras.
The reporter molecules (CD4T and IiT) and the chimeras were transiently expressed in COS7 cells. Immunoblot and cell surface density
analysis were performed with anti-CD4 (top left) and anti-Ii (top right) Abs. Cell surface density was expressed as percentage of CD4T or
IiT after normalization of the fluorescence signal for cellular proteins. Abbreviations: N1AF, NBD1AF508; N14D, NBD1(L570D/L571D/
1601D/L602D); N2K, NBD2(N1303K); N1R, NBD1-R; N1AR, AF508-NBD1-R (also see Supplemental Table S1). Means = SEM, n = 6. (b)
Immunoblot and cell surface expression analysis of CD4 chimeras containing NBD1 with boundaries of the crystallized domain (N1*). The
N1*AF and N1*4D contains the same mutations as defined in a. N1*3S incorporates the F429S, F494N, and Q637R solubilization mutations.
Cell surface density and immunoblot analysis were performed as defined in a. Means = SEM, n = 5. Unpaired, two-tailed f test was used
for comparisons. (*p = 0.0006, **p = 0.003; n = 11-15). (c) Cell surface expression of the CD4T and IiT chimeras was rescued at reduced
temperature. The cell surface density of the indicated chimeras were measured as described in b, after culturing the cells for 24 h at 26°C.
Means = SEM, n = 3. (d) Expression and cell surface density of wt and mutant CFIR variants in stably transfected BHK cells, determined
by immunoblotting and Ab binding assay, respectively. The core- and complex-glycosylated CFTR are depicted by empty and filled
arrowhead, respectively. Means = SEM, n = 3. (e) Indirect immunolocalization of CD4 and Ii chimeras in COS7 cells. Immunostaining of the
chimeras with Alexa 594-WGA were performed in nonpermeabilized cells (top). Intracellular staining of the chimeras and CNX was

established in permeabilized cells (bottom) as described in Figure 2f. Bar, 10 um.

pression of the respective chimera, enabling us to monitor
the conformational state of CFTR cytosolic domains in the
cellular environment.

Biosynthetic Processing of Individual CFTR Domains Is
Compromised

We tested one-, two-, three-, and four-domain combina-
tions of CFTR, and only one of the four-domain combina-
tions (see below) could bypass efficiently the ER quality
control. By fusing the NBD1 and NBD2 to the COOH
terminus of CD4T (CD4T-N1 and CD4T-N2) and the R
domain to the invariant chain N terminus (R-IiT), we emu-
lated the in situ topology of the cytosolic domains (Figure
la). CD4T-N1 and CD4T-N2 incorporated the respective
intracellular domains (ICD), whereas NBD1, encompassing
the crystallization boundaries, was attached to the CD4T via
a flexible linker (CD4T-N1*; Supplemental Table S1) (Barri-
ere et al., 2006). The chimeras were expressed with the pre-
dicted molecular masses in COS7 and BHK cells (Figure 3, a
and b, and Supplemental Figure S2a). The following obser-
vations indicate that the NBD1, NBD2, and R domain chi-
meras were largely recognized as nonnative polypeptides by
the ERAD machinery.

First, the chimeras cellular and cell surface expression was
more than fourfold lower than the CDA4T and IiT, deter-
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mined by immunoblotting and cell surface Ab binding, re-
spectively (Figure 3, a and b, and Supplemental Figure S2, a
and b). Exposure of Tyr- and di-Leu-based endocytic signals
unlikely accounts for this phenomenon, because the plasma
membrane turnover of the chimeras was not accelerated
(data not shown).

Second, although low level of cell surface expression of
the N1-, N2-, and N1*-containing CD4 chimeras was detect-
able, most the chimeras were, predominantly, confined to
the ER based on CNX and calreticulin colocalization in
COS-7 and BHK cells (Figure 3e and Supplemental Figure
S2c). No detergent-insoluble aggregates formation could be
detected by immunoblotting (data not shown).

Third, the cell surface expression of the CD4T-N1* and
CDA4T-N2 was increased at 26°C by two- to threefold, sug-
gesting that temperature-sensitive folding defect rather than
linear peptide motif recognition accounts for the misprocess-
ing (Figure 3c). Inhibition of proteasome activity by MG132
was unable to augment the cell surface expression of the
chimeras (data not shown).

Four, introducing the AF508 or the N1303K (Gregory et al.,
1991) mutation in the NBD1 and NBD2, respectively, re-
sulted in a small but significant decrease in the cell surface
expression of CD4T-N1AF, CD4T-N1*AF, and CD4T-N2K
compared with their wt counterparts (Figure 3, a and b, and
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Supplemental Figure S2, b and c), implying that the muta-
tions can amplify the ER-perceived folding defect. Similar
results were obtained upon replacing four hydrophobic core
residues with aspartic acids (4D: L570D/L571D/1601D/
L602D) to disrupt the NBD1 folding (Figure 3, a and b, and
Supplemental Figure S2b).

The 4D mutation, as the AF508 and N1303K, impaired the
biosynthetic processing and global conformation of CFTR,
according to immunoblotting, cell surface anti-HA Ab bind-
ing and limited proteolysis (Figure 3d and Supplemental
Figure S3). The 4D mutation destabilized not only the NBD1,
but also the MSD1 and NBD2 according to the chymotrypsin
and trypsin resistance of the MSD1-, NBD1-, and NBD2-
containing fragments (Supplemental Figure S3), resembling
that effect of the AF508. The CD4T-N1*4D was less amenable
to low-temperature rescue, conceivable due to its severe
folding defect (Figure 3c).

Five, remarkably, introducing three solubilization muta-
tions (F429S, F494N, and Q637R) that were required to pro-
duce soluble, recombinant NBD1 in bacteria (Lewis et al.,
2005), significantly increased the steady-state cell surface
expression of the CD4TI-N1*-3S at 37°C and suppressed the
expression defect at 26°C (Figure 3, b and c). The solubili-
zation mutations increased the melting temperature of the
isolated NBD1 by >5°C and decreased the ubiquitination
susceptibility of the chimera (Rabeh, Du, and Lukacs, un-
published observations).

The R domain was largely recognized as a nonnative
polypeptide regardless of the reporter molecule, as indi-
cated by the 80% reduced the cell surface expression and ER
retention of the CD4T-R and R-IiT in a temperature-inde-
pendent manner (Figures 1c and 3a, ¢, and e).

The subcellular distribution of the membrane spanning
domains MSD1 (M1 and M1*) and MSD2 (M2) was estab-
lished by the EGFP- and 3HA-tagged variants (Benharouga
et al., 2003; Sharma et al., 2004), respectively (Figure 4). The
boundaries of MSDs were modified to increase the expres-
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Figure 4. Intracellular retention of the MSD1 and the
MSD2. The MSD1 (M1), EGFP-M1, and MSD2 (M2-
3HA) were transiently expressed in COS7 cells. Immu-
noblotting (a) and cell surface density measurements (b)
of MSD1, EGFP-MSD1, and MSD2-3HA (means + SEM,
n = 3). (c) Immunolocalization were performed as de-
scribed in Figure 3e. Bar, 10 um.

sion levels (Supplemental Table, Figure 4a, and Supplemen-
tal Figure S4c). M1, M1*, and M2 were retained in the ER
and failed to accumulate at the cell surface contrary to the
EGFP- or 3HA-tagged CFIR (Figure 4, b and c). These
observations suggest that the individually expressed CFTR
domains are, predominantly, recognized as nonnative
polypeptides by the ER quality control.

Two and Three-Domain Combinations of CFTR Fail to
Attain Native Conformation

CFTR domain assembly may be required to mask nonpolar
or hydrophobic residues in the cytoplasm and/or to bury or
expose linear trafficking motifs recognizable by the ER re-
tention and export machinery, respectively. Domain—dom-
ain interactions may also optimize the folding energetics by
cooperatively stabilizing domains as observed in a subset of
multidomain soluble proteins (Wenk ef al., 1998; Han et al.,
2007). This may determine the channel ER export efficiency
similar to that described for secretory proteins (Wiseman
et al., 2007). To address some of these mutually nonexclusive
possibilities, the biosynthetic processing and cell surface
expression of two- and three-domain combinations were
determined. We found that none of the two- or three-do-
main combinations could efficiently bypass the ER quality
control, although very low level expression could be de-
tected (Supplemental Figure S4; also see Figures 1C and 5A).

Replacement of critical Arg with Lys residues in the MSD1
(R29K) and NBD1 (R516K and R555K) failed to revert the
processing defect of M1(RK) and M1-N1(3RK) (Supplemen-
tal Figure S5), whereas it partially rescued the AF508 CFTR
ER retention (Owsianik et al., 2003; Roxo-Rosa et al., 2006).
Therefore, exposure of RXR ER retention motifs cannot ac-
count for the processing defect of the MSD1-NBD1.

The De Novo Folding Unit of CFTR

The cellular fate of four-domain assemblies was assessed
next. CFTIR variants lacking a single domain (AMSD1: N1-
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R-M2-N2; ANBD1: M1 + R-M2-N2; AR: M1-N1 + M2-N2;
AMSD2: M1-N1-R + CD4T-N2; or ANBD2: CFTR-1218X)
were expressed as split molecule or linear polypeptide.
Based on electrophoretic mobility shift and cell surface Ab
binding, deletion of the NBD2 was the only four-domain
assembly that accumulated efficiently at the cell surface
(Figure 5, a and b; also see Figure 1a, lanes 6; b, lanes 7-9;
and c and d).

The CFTR-1218X has several hallmarks of the wt CFTR. 1)
CFTR-1218X was complex-glycosylated and Endo-H resis-
tant, confirming recent observations (Cui ef al., 2007) (Figure
5¢). 2) Although CFTR-1218X has slightly decreased folding
efficiency relative to its wt counterpart, the metabolic stabil-
ity of the wt and mature CFTR-1218X (t,,, ~ 10 h) was
comparable (Figure 5, d and e). 3) Deletion of the NBD2
failed to alter the global protease susceptibility of the CFTR-
1218X as well as the MSD1-, NBD1-, and MSD2-containing
fragments (Figure 5f). The protease resistance of CFTR vari-
ants was measured in isolated microsomes by visualizing
the proteolytic cleavage pattern with domain-specific anti-

Vol. 20, April 1, 2009

wt CFTR 1218X 1158X

bodies (Figure 5f and Supplemental Figure Séa; data not
shown). 4) The protein kinase A (PKA)-stimulated halide
conductance of CFTR-1218X—-expressing cells confirmed that
the channel was partially functional at the plasma mem-
brane (Cui et al., 2007) (Supplemental Figure S6b).

The notion that the four-domain assembly may represent
the minimal folding unit of CFTR is supported by the fol-
lowing observations. 1) Disrupting the integrity of the MSD2
by truncating at the TM11-12 segment (CFTR-1097X, -1041X,
and -1128X) or at the C-terminal cytosolic interface (CFTR-
1158X but not CFTR-1174X) abrogated the processing and
caused ER retention of the channel (Supplemental Figure S6,
c and d). 2) Remarkably, truncation of the MSD2 C terminus
(CFTR-1158X) not only increased the global protease suscep-
tibility of the channel and the MSD2 but also the MSD1
(Supplemental Figure 5f), implying that the MSD1 confor-
mational stability is dependent on the MSD2 structure. 3)
The processing of CFTR-1218X could be reconstituted from
two complementary segments, consisting of M1-N1 + R-M2
or M1 + N1-R-M2, measured by three different assays (Fig-
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Figure 6. Biosynthetic processing and the folding kinetics of the CFTR-1218X variants. (a) Processing of the split CFTR-1218X. Complex-
glycosylation of M2 containing fragments of CFTR-1218X was restored in the presence of complementary N-terminal fragments in transiently
transfected COS7 cells. The C- and N-terminal CFIR fragments were visualized by immunoblotting using the anti-HA and MM13-4 Ab,
respectively. Dotted line indicates the complex-glycosylated form. (b) Immunolocalization of the M2 containing fragments in cells expressing
the indicated N- and C-terminal fragments of the CFTR1218X. Colocalization with Alexa594-WGA and CNX, plasma membrane and ER
markers, respectively was performed as described in Figure 1d. Bar, 10 um. (c) Cell surface density of the M2 containing fragments of COS7
cells transiently expressing the C- and N-terminal fragments of split CFTR-1218X. The immunoperoxidase assay was performed with anti-HA
Ab. Wt CFIR and its split variant (MIN1 + RM2N2) were used as positive controls. Means + SEM, n = 3. (d) Folding kinetics of wt and
1218X CFTR. Stably transfected BHK cells were pulse labeled for 8 min with [3*S]methionine and [**S]cysteine and chased in BFA (10 pg/ml)
containing medium for 3 h (inset). Folding was terminated by depleting the cellular ATP content as described in Materials and Methods. CFTR
was immunoprecipitated and visualized by fluorography (inset). The CFTR radioactivity was quantified by phosphorimage analysis. Similar
results were obtained in the absence of BFA. Data are means (+SEM, n = 5) and expressed as percentage of the maximum amount of
radioactivity associated with CFTR. (e) Missense mutations provoke the intracellular retention of the CFTR-1218X. COS7 cells were
transiently transfected with the indicated construct and biosynthetic processing was visualized by the accumulation of the complex-
glycosylated form (arrowhead) with immunoblotting (top). All the mutants remained core-glycosylated. Cell surface density of CFTR-1218X
variants was measured by anti-HA Ab binding assay as described in Figure 2¢ (bottom).

ure 6, a—c). Although these fragments alone were unable to
escape the ER, coexpression assured comparable surface
expression to that of the split wt CFTR (Figure 6¢), indicating
that individually translated domains can assemble into the
native fold. The interaction between the two fragments of
the CFTR-1218X was preserved in post-ER compartments
and cannot be attributed to postlysis artifact according to
coimmunoprecipitations (Supplemental Figure S6e).
Successfully restoring the biosynthetic processing of the
split CFTR-1218X is consistent with the notion that individ-
ually translated domain combinations complete their fold-
ing posttranslationally. To confirm this inference, the wt and
CFTR-1218X conformational maturation kinetics were com-
pared in vivo. After an 8-min pulse labeling and a 5- to
60-min chase, folding was terminated by cellular ATP de-
pletion (Lukacs et al., 1994; Du et al., 2005). ATP-depletion
ensured complete elimination of nonnative CFTR without
altering the stability (Lukacs et al., 1994) and aggregation
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propensity of the folded wt and CFTR-1218X, as indicated
by quantitative recovery of folded core- and complex-glyco-
sylated CFTR with nondenaturing immunoprecipitation
(Supplemental Figure S6f). The accumulation of wt and
CFTR-1218X was completed in ~40 min after the pulse
labeling (Figure 6d), indicating that the de novo folding of
the four-domain assembly (CFIR-1218X), similar to wt
CFTR, is completed posttranslationally.

Point Mutations Cause Cooperative Misfolding of CFTR
Domains

Although the domain-wise folding mechanism implies that
structural perturbation of individual CFTR domain is re-
stricted to the mutant domain (Kleizen et al., 2005), involve-
ment of cooperative domain folding predicts that point mu-
tations would interfere with the folding and/or stability of
multiple domains (i.e., cooperative misfolding). This predic-
tion was tested by examining the domain-wise conforma-
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Figure 7. Global and domain-wise conformational perturbations of CFTR variants harboring missense mutations. (a) Schematic localization of CF
associated point mutations in CFTR used in this study. (b) Point mutations prevent the biosynthetic processing of CFTR detected by immuno-
blotting in stably transfected BHK cells. Equal amounts of cell lysates were probed with anti-HA Ab. The BFA-induced accumulation of the
folded, core-glycosylated wt CFIR in cells exposed to BFA for 24 h is illustrated by immunoblotting (bottom right). (c-g) Comparison of the
in situ trypsin susceptibility of wild type and mutant CFTRs. Isolated microsomes expressing the indicated CFTR variant were digested at
the indicated concentration of trypsin as described in Figure 6f. CFTR proteolytic fragments were visualized by immunoblotting with the

following antibodies: anti-N-MSD1 (MM13-4; ¢), anti-NBD1 (L12B4; d),
g). The proteolytic degradation intermediate representing the MSD1-

anti-NBD1 (660; e); anti-HA (MSD2 specific; f), and anti-NBD2 (M3A7;
, NBD1-, MSD2- and NBD2-containing fragment, based on multiple

epitope localization, molecular masses and ATP binding are indicated by rectangles (Du et al., 2005; Cui et al., 2007). Note that in f, proteolytic

digestion was performed on microsomes isolated from BFA-treated
glycosylated wt MSD2 with its mutant counterparts.

tional defect of CFTR by mutations in the MSD1, MSD2,
NBD2, and NBD1 (AF508 and 4D). Four CF mutations, G91R
(Xiong et al., 1997), L346P (Choi et al., 2005), L1093P (Seibert
et al., 1996), and N1303K (Gregory et al., 1991), localized to
the transmembrane (TM) 1 and TM6 in MSD], the cytosolic
loop (CL) 4, and in the NBD2, respectively (Figure 7a).
Expression analysis by immunoblotting in stably transfected
BHK cells confirmed that the mutants remained core-glyco-
sylated and failed to accumulate at the cell surface similar to
the AF508 and 4D-CFTR (Figure 7b; data not shown).
CFTR global and local structural stability was probed by
limited proteolysis, by using NBD1 (L12B4 and 660), NBD2
(M3A7), MSD1 (MM13-4), and MSD2 (anti-HA)-specific
monoclonal antibodies (Kartner and Riordan, 1998; Cui et al.,
2007). The conformational stability of the NBD1-, NBD2-,
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wt CFTR-expressing BHK cell to facilitate comparison of the core-

and MSD1-containing polypeptide fragments was measured
based on their protease resistance. The identity of the re-
spective fragments was validated previously (Du et al., 2005;
Cui et al., 2007). To rule out that the accessibility of single
cleavage site provoked cooperative unfolding, both chymo-
trypsin and trypsin digestion was performed and yielded
similar results (Figure 7, c-f, and Supplemental Figure S7.)

All of the mutations led to global destabilization of CFTR,
indicated by a 10- to 50-fold increased protease sensitivity of
the full-length CFTR (Figure 7, c—g). The MM13-4, N-termi-
nal specific Ab probed the 37- to 42-kDa N-MSD1-contain-
ing fragments protease susceptibility. All the five mutations
prevented the 37-kDa immunoreactive polypeptide accumu-
lation, conceivably by exposing additional cleavages sites in
the MSD1, indicated by the transient accumulation of a 27-
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to 29-kDa degradation intermediate (Figure 7c and Supple-
mental Figure S7).

Mutations caused a modest increase in the protease sus-
ceptibility of the NBD1-containing fragment or its degrada-
tion intermediates (~29 and ~39 kDa, detected by the 660
and L12B4 Ab, respectively; Figure 7, d and e, and Supple-
mental Figure S7).

The protease susceptibility of the mutant, core-glycosy-
lated MSD2 was compared with that of the native, core-
glycosylated wt CFTR, accumulated in the ER in BFA-
treated cells (Lukacs et al., 1994) (Figure 7b). The ~45-kDa
anti-HA Ab-reactive polypeptide represents the MSD2-
containing fragment, considering that R-domain-specific
epitopes were eliminated at low protease concentration
(Figure 7f; data not shown). All of the mutations pro-
foundly increased the MSD2 protease susceptibility and in-
duced the accumulation of ~22- to 37-kDa immunoreactive
degradation intermediates (Figure 7f).

Remarkably, the GI91IR, L346P, AF508, 4D, and L1093P
mutations, regardless of their location, profoundly aug-
mented the protease susceptibility of the NBD2 (~30 kDa),
probed with the M3A7 Ab (Figure 7g and Supplemental
Figure S7c). These observations, jointly, imply that confor-
mational defect caused by mutations is not restricted to the
mutant domain, but spread to multiple CFTR domains. Con-
sidering that the biosynthetic processing of the CFTR-1218X
was invariably prevented by the mutation residing in the
MSD1, NBD1, and MSD2 (Figure 6e), it is tempting to
speculate that the four-domain folding unit serves as an
intramolecular scaffold to facilitate the NBD2 posttransla-
tional folding that ultimately contributes to the stability of
the full-length CFTR. Small structural perturbations in
individual domains are amplified by cooperative misas-
sembly of the four-domain folding unit, preventing the
conformational maturation NBD2 that in turn contributes
to global misfolding.

DISCUSSION

Although domain-wise, cotranslational folding is envi-
sioned as the predominant folding mechanism of soluble
multidomain proteins, as well as CFTR in mammalian cells
(Frydman et al., 1999; Nicola et al., 1999; Kleizen et al., 2005),
accumulating observations suggest that a subset of polypep-
tides undergoes cooperative domain folding (Han et al.,
2007). Although domain interactions have been recognized
to contribute to CFTR biogenesis (Du et al., 2005; Thibodeau
et al., 2005; Younger et al., 2006; Cui et al., 2007; Rosser et al.,
2008), here we demonstrate that the minimal folding unit of
CFTR is composed of NIM1RM2. Furthermore, evidence is
provided in support of the cooperative domain folding in-
volvement in CFIR biogenesis.

Systematic analysis of the domain requirement that is
necessary and sufficient to attain native-like CFTR architec-
ture revealed that coexpression of MSD1, NBD1, R, and
MSD2 was essential either as a linear or a split polypeptide
to ensure that the domains are recognized as native entities
by the ER quality control. The single-, two-, or three-domain
combinations were unable to escape efficiently the ER qual-
ity control in both BHK and COS?7 cells, suggesting that they
are energetically and conformationally destabilized. Similar
observations were made in human bronchial epithelia, indi-
cating that the interdependent domain folding is not cell
specific (data not shown). Notably, the slow folding kinetics
of the four-domain folding unit coincided with the post-
translational assembly of the NBD2 and wt CFTR folding
(Du et al., 2005) (Figure 7d).
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Multiple mechanisms were considered to account for the
surprising observation that all the domains and most of their
combinations inefficiently or not at all escape the ER quality
control. Involvement of the RXR motifs was ruled out to
account for the ER retention because the processing defect of
the MSD1-NBD1 could not be reversed by mutating the RXR
ER-retention motif (Supplemental Figure S5). Another pos-
sibility is that exposed interdomain interface, enriched in
nonpolar and hydrophobic residues are recognized by the
ER quality control machinery (Gilon et al., 1998; Ellgaard and
Helenius, 2003; Anelli and Sitia, 2008). Depending on the
amino acid packing density and hydrophobicity at the in-
terface, this mechanism itself or in combination with ener-
getic destabilization may lead to inefficient export from the
ER (Wiseman et al., 2007). Although thermodynamic and
kinetic analysis of domain assemblies of CFIR has not been
performed, biophysical measurements showed interdepen-
dent domain folding kinetics and stability in soluble mul-
tidomain proteins and their perturbation by point mutations
at interdomain interfaces (Wenk et al., 1998; Klein-Seethara-
man et al., 2002; Han et al., 2007). A similar cooperative
folding paradigm may prevail in a subset of membrane
proteins, including the CFIR, suggesting that individual
domains are thermodynamically stabilized upon their as-
sembly. In support of this hypothesis, severalfold increase in
the cell surface expression of CD4T-NBD1* was documented
in the presence of those solubilization mutations (F429N,
F494N, and Q637R) that were required for the recombinant
NBD1 expression (Figure 3, b and c) (Lewis et al., 2005). The
F494 residue is likely to be engaged in van der Waals inter-
actions with residues at the MSD2 and NBD2 interface (He
et al., 2008; Mornon et al., 2008; Serohijos et al., 2008a).
Indeed, the F429N, F494N, and Q637R mutations thermody-
namically stabilized the isolated NBD1 in the absence of
domain-domain interactions as indicated by the elevated
melting temperature of the recombinant NBD1*-3S relative
to its wt counterpart (Rabeh, Mulvihille and Lukacs, unpub-
lished observations). Domain stabilization may also prevail
in vivo, supported by the high level of cell surface expres-
sion and decreased ubiquitination of the CD4T-N1*-3S at 37
and 26°C compared with that of the CD4T-N1* (Figure 3, b
and ¢; data not shown).

The observation that the NBD2 is not required for the
CFTR-1218X conformational maturation is surprising but is
consistent with previous results (Cui ef al., 2007; Wang et al.,
2007a,b). Although deletion of the NBD2 is predicted to
expose the N2/N1 and N2-M1/M2 interface (=7245 A2)
(Mornon et al., 2008; Serohijos et al., 2008a), this scenario is
unlikely, considering the preserved protease resistance of
the NBD1, MSD1, and MSD2 in CFTR-1218X. Notably, trun-
cations of the MSD2 C terminus not only increased the
protease susceptibility of the MSD2 but also the NBD1 and
MSD1 (Figure 5f), consistent with the increased ubiquitina-
tion propensity of the MSD1-NBD1-R after the MSD2 trun-
cation (Younger et al., 2006). It is possible that rearrangement
of the intrinsically unstructured R domain protects the ex-
posed interdomain interface in the CFTR-1218X, although
this hypothesis awaits verification.

Deletion of the R domain C-terminal region (residues
708-835) was dispensable, but elimination of the R domain
beyond 708 residues (AR-CFTR) prevented or dramatically
reduced CFIR processing in mammalian cells (Winter and
Welsh, 1997; Chappe et al., 2005), in line with our results. The
dispensable nature of the R domain C-terminal region in
CFTR biogenesis is conceivably due to its intrinsically dis-
ordered structure and low-affinity intramolecular interac-
tions, indicated by in vitro, in vivo, and in silico studies
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(Winter and Welsh, 1997; Ostedgaard et al., 2000b; Baker et
al., 2007; Hegedus et al., 2008).

One of the most important observations of this study is
that the NBD2 conformational stability was dramatically
impaired regardless the localization of mutations (G9IR,
L346P, AF508, 4D, and L1093P) in the NBD1, TM1, TM6, or
CL4 (Figure 6e). Because all these mutations disrupted the
four-domain folding unit (CFTR-1218X) biogenesis (Figure
7e) and by inference multiple domain conformation, the
simplest interpretation is that the four-domain folding unit
serves as an intramolecular scaffold assisting the NBD2 fold-
ing/stabilization upon the formation of interdomain inter-
face with CL1, CL2, and CL3 (Du et al., 2005; He et al., 2008).
Nevertheless, considering that the N1303K mutation in-
creased the protease susceptibility of both the MSD1 and
MSD2 and deletion of the NBD2 modestly diminished the
maturation efficiency of the CFTR-1218X as well as pre-
vented the low-temperature rescue of the AF508-CFTR-
1218X—processing defect (Supplemental Figure S8), we pro-
pose that NBD2 contributes to the global stabilization CFTR
despite that it is nonessential for the channel processing.

Several observations favor the explanation that CFTR as-
semble requires cooperative domain folding. 1) CFTR indi-
vidual domains and two-, three- and four-domain combina-
tions (except the M1-N1-R-M2) were recognized largely as
nonnative entities, leading to severely reduced processing
efficiency, ER retention, and degradation. Simultaneous ex-
pression of the M1-N1-R-M2 domain combination as a linear
or split polypeptide was necessary and sufficient to confer
stability and native-like state to the domains and render
them in vivo stability (Figures 3-5). Likewise, although in-
dividual halves of split CFTR were trapped in the ER, effi-
cient complementation of the full-length CFTR processing
was observed (Figure 1c). Complementation of the process-
ing defect of the AF508-CFTR with the M1-N1 fragment, but
not with the AF508-M1-N1 fragment, is consistent with the
critical role of specific domain-domain interactions in fold-
ing (Cormet-Boyaka et al., 2004). 2) The N1303K NBD2 mu-
tation disrupted the full-length CFTR export, as well as the
MSD1 and MSD2 conformation, measured by the in situ
protease susceptibility assay, emphasizing that the NBD2
stabilizes some of the N-terminal domains. 3) Single point
mutations in the NBD1, MSD1, and MSD2 caused confor-
mational defect in two or three other domains, as well as
destabilization, ER retention, and degradation of the chan-
nel. The AF508 mutation has marginal structural effect on the
NBD1 domain, whereas it severely destabilized the MSD1,
MSD2, and NBD2 (Figure 7). The simplest interpretation of
these results is that a point mutation due to the domain-
interdependent or cooperative folding pathway disrupts the
stability of multiple domains. This mechanism also offers an
explanation for the misprocessing of large number of mis-
sense mutations dispersed along the full-length CFTR
(Zielenski and Tsui, 1995).

Cooperative misfolding is predicted to amplify relatively
modest and localized structural defects caused by point
mutations (e.g., L346P and AF508). The L346P mutation
destabilizes the TM5/6 hairpin in vitro by decreasing intra-
helical H* bondings and the TM6 helix net hydrophobicity
that could be reverted by a suppressor mutation (Choi ef al.,
2005). The hairpin instability manifested in the MSD1 and
MSD2 conformational defect and subsequently impaired
NBD2 folding, demonstrated here by the protease hypersen-
sitivity of these domains.

The global conformational defect of the AF508 CFTR, ini-
tiated by localized perturbation of NBD1 structural dynam-
ics (Lewis et al., 2005), also underlines the cooperative nature
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of the channel misfolding mechanism. The AF508 mutation
manifests in decreased folding yield in vitro (Thibodeau et
al., 2005), modestly increased protease susceptibility in vivo
(Du et al., 2005; Cui et al., 2007), and minimal structural
perturbations in vitro (Lewis et al., 2005). Molecular dynam-
ics modeling predicted the impaired folding kinetics and
the destabilization of the S6-H7 loop of the AF508-NBD1
(Serohijos et al., 2008b). The long-range consequence of
the modest structural defect in AF508 NBD1, exacerbated
by the absence of the F508 side chain interactions (Serohijos
et al., 2008a), could be explained by the cooperative domain
misfolding. This leads to the misfolding of the MSD1 and
NBD2 (Du et al., 2005; Cui et al., 2007; He et al., 2008), as well
as the MSD2 destabilization, demonstrated here for the first
time (Figure 7f). The global conformational defect of the
AF508-CFIR and other mutants serves as efficient recogni-
tion and degradation signal for the ERAD (Figure 7, c-g)
(Meacham ef al., 2001; Younger et al., 2006; Nakatsukasa and
Brodsky, 2008).

In summary, we outlined a folding model involving co-
operative domain assembly as a necessary step to confer
native tertiary structure to the CFIR. The cotranslational
domain folding is facilitated by cytosolic and ER chaperones
and generates loosely folded conformers (Kleizen et al.,
2005), maintained in their folding competent state via
chaperone interactions (Nakatsukasa and Brodsky, 2008).
Compactly folded domain assemblies of both the wt and
1218X-CFTR are, however, attained posttranslationally.
This process presumably coincides with the formation of
native interdomain interfaces and thermodynamic stabiliza-
tion of individual domains. The cooperative domain assem-
bly offers a plausible explanation for the cooperative misfold-
ing of multiple domains caused by several CF mutations, a
mechanism that conceivably contributes to other ABC trans-
porter biogenesis as well. This inference is supported by the
isolation of suppressor mutations in the MSD1, MSD2, and
NBD2 of the yeast cadmium factor ABC transporter with
phenotypic mutation in its NBD1 (Falcon-Perez et al., 2001).
Similar observations were reported in the Yorlp ABC trans-
porter (Pagant et al., 2008).
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